Three experiments were conducted to investigate the use of a custom-made heat pipe to reduce muscle temperature in beef carcasses during the initial part of the refrigeration period post slaughter. The effects of muscle depth (Experiment 1) and radial distance from a heat pipe (Experiment 2) were investigated initially. Then the use of multiple heat pipes was compared with no heat pipes for the loin and hind leg regions of a carcass (Experiment 3). All three experiments were conducted at a commercial beef abattoir in Western Australia. Without heat pipes, the time taken for the temperature to fall to 35 C in the hind leg was 10, 90 and 300 min for depths of 25, 50 and 100 mm from the surface, respectively. Temperature increased with radial distance from a heat pipe and the relative differences in temperature between different positions increased with time. Temperatures 110 min after the commencement of cooling were 35.7, 36.8 and 38.3 C for 20, 40 and 80 mm from the heat pipe, compared with 39.8 C without the pipe. The loin cooled faster than the rump, which cooled faster than the leg. Heat pipes increased the rate of temperature loss in the leg but not the loin. The time taken for the leg temperature to reach 35 C, measured at a depth of 100 mm, reduced from 150 to 76 min. These experiments confirm that heat pipes containing methanol could be used to increase the rate of heat loss from leg muscles in beef carcasses. Further work is required to determine if the magnitude of these increases in cooling rate would improve eating quality for large carcasses.
Introduction
Heat pipes could provide a method to increase the rate of heat loss from specific locations in a beef carcass early in the postslaughter period. Meat has a low coefficient of thermal conductivity (Van Moeseke et al. 2001) and heat pipes are a way of increasing the rate of heat loss from low conductivity materials (James et al. 2005) . Deep muscles in heavy carcasses are predisposed to the conditions of high temperature (>35 C) and low pH (<6) associated with the negative effects on meat quality known as high rigor temperature (Warner et al. 2014b) . Targeting these muscles for intervention rather than the whole carcass could provide a solution for high rigor temperature under commercial conditions with cold deboning. The temperature and pH conditions that cause high rigor temperature occur in the first 5 h post slaughter (Jacob and Hopkins 2014) , before carcass breaking for a cold deboning operation.
Invented in 1963 by nuclear physicist George Grover (patent US3865184), heat pipes utilise the latent heat of vaporisation to move heat energy. They consist of a hollow, evacuated metal pipe that contains a fluid. Initially in the liquid phase, the fluid evaporates upon gaining heat at one end of the pipe exposed to a hot environment; the gas phase moves to the other end exposed to a cool environment, where it condenses releasing heat. The liquid phase then returns to the warm end of the pipe with the aid of gravity (thermosyphon), or by capillary action if the design includes a wick. In this way, heat is passed from one end of the pipe to the other at a faster rate than would otherwise occur in the material being cooled.
A heat pipe has an advantage compared with a solid conductor because energy can be carried by fluid convection in a heat pipe much more quickly than in (for instance) a copper rod of the same dimensions. In fact, heat pipes are~500 times more effective than copper at transferring heat (James and James 1999) . Various fluids can be used in heat pipes including water, methanol and ammonia; according to the boiling point of the fluid and the temperature range expected for the media to be cooled (James et al. 2005) .
Heat pipes have previously been proposed as a way of reducing bone meat taint and bone marrow taint by accelerating the cooling rate of beef carcasses (Food Science Australia 1994). Other food applications explored for heat pipes have been to assist with heating and cooling cooked products including meat (Ketteringham and James 2000) , and for freezing and thawing meat (James and James 1999) . The overall aim of our study was to field test a custom-made heat pipe, at a commercial abattoir, for the purpose of mitigating high rigor temperature in beef carcasses. To do this we conducted three experiments designed to investigate; (1) the effect of depth from the muscle surface on temperature, (2) the effect of radial distance from a heat pipe within a muscle on temperature and (3) the effectiveness of a custom-made heat pipe to increase the rate of heat loss from various parts of a beef carcass.
Materials and methods

Experimental design
The experiment was conducted in collaboration with a commercial abattoir and this limited the choice of carcasses available to those of low value cows in Experiments 2 and 3.
Experiment 1
The aim was to compare the temperature measured at three depths; 25, 50 and 100 mm from the surface of the carcass. Six beef carcasses were selected at random from a consignment of grain-fed, highly marbled cattle slaughtered at a commercial abattoir in summer (18 January 2007). The mean hot carcass weight was 432 AE 7 kg (mean AE s.e.m.) and the average temperature of the loin muscle (M. longissimus thoracis et lumborum) at pH 6 was 34.5 AE 0.62 C (mean AE s.e.m.) using the Meat Standards Australia grading method (see Warner et al. 2014a) . Temperature probes were placed in the fascial seam between the M. semitendinosus and M. semimembranosus when each carcass entered the chiller~1 h post stunning. The carcasses were suspended in a commercial air chiller with air temperature in the range of 0À2 C. Temperatures were monitored for~3 h subsequently.
Experiment 2
The aim was to compare temperatures measured at a depth of 100 mm from the carcass surface and at three distances radial to a heat pipe; 20, 40 and 80 mm, specifically to determine the placing of heat pipes in Experiment 3. One beef carcass was chosen at random at a commercial abattoir in spring (14 September 2007) with a hot carcass weight of 220 kg. A thermocouple was placed in the fascial seam between the M. semitendinosus and M. semimembranosus at a depth of 100 mm, for one side of the carcass (control) immediately on entry to the chiller,~1 h post mortem. One heat pipe was placed in the same position of the corresponding leg from the opposite side, to a depth greater than 100 mm. Temperature probes were then placed in the muscle at distances of 20, 40 and 80 mm measured radially from the heat pipe, at a depth of 100 mm from the surface. The carcass was suspended in an air chiller with an air temperature set point of 0À2 C for the duration of the temperature monitoring period.
Experiment 3
The aim was to compare the rate of cooling in three different locations of a beef carcass with and without heat pipes. In total 24 carcasses were measured, consisting of six carcasses from cattle slaughtered each day for 4 days in summer (2, 5-7 November 2007) . The first six carcasses from cows slaughtered at a commercial abattoir on each of the 4 days, were selected for this experiment. The heat pipes were inserted into the carcasses, just before entering a chiller~1 h after stunning.
For each carcass, 10 heat pipes were placed in the left side only, leaving the right side with no heat pipes. In the left side, five heat pipes were placed in the loin (Fig. 1 ) at a spacing of two vertebrae between heat pipes with the first heat pipe being inserted at the level of the last lumbar vertebra. The pipes in the loin were inserted at an angle of~20 to the horizontal to enable the pipes to function as directed by the manufacturer (see Fig. 1 ) and as deep as possible and this varied between locations depending on the muscle. Four pipes were placed in the leg, as shown in Fig. 2 and one pipe in the rump equidistant between the tubes in the leg and the last vertebra (see Fig. 2 ).
The carcasses were kept in an air chiller with air temperature in the range of 0À2 C for the duration of the temperature monitoring period. The carcasses had a mean weight of 234.8 AE 10.68 kg (mean AE s.e.m.), a P8 fat measurement (Anonymous 2000) of 25.9 AE 3.4 mm and all carcasses were from animals with a dentition score of 8. With no heat pipes, the mean estimated temperature of the loin at pH 6 was 21.9 C, using the Meat Standards Australia grading method (see Warner et al. 2014a ).
Temperature and pH measurement
For Experiment 1, copper-constantan thermocouples were used to monitor muscle temperature. A block of three probes was made with three stainless steel 13-gauge needles, each containing a thermocouple at the tip. The needles were cut to lengths of 25, 50 and 100 mm to enable temperature measurement at each of these depths. Each needle was securely fastened to a copper-constantan plug and the plugs were joined together to make the block of three probes. Voltage output from the copperconstantan thermocouples was referenced to an iso-block on a DataTaker 500 (DataTaker, Scoresby, Vic., Australia) at 1-min intervals. Each thermocouple was calibrated using a certified (National Association of Testing Authorities, Australia, Rhodes, NSW) thermometer, mercury in glass type over the range 5À40 C.
For Experiments 2 and 3, temperature was monitored using HOBO U12 4-channel external data loggers (Onset Computer Corporation, Bourne, MA, USA) with TMC6-HC stainless steel temperature probes (Onset Computer Corporation) attached to each of the four external channels. Resolution of temperature loggers was 0.03 C. Stainless steel probes were 100 mm in length and 3 mm diameter. Each temperature probe was calibrated against a mercury-in-glass thermometer, certified by a National Association of Testing Authorities, Australia laboratory, over the range 5À40 C. For Experiment 3, four temperature probes were inserted into each side; two in the loin, one in the rump and one in the leg in the seam between the M. semimembranosus and M. semitendinosus to a depth of 100 mm. For the loin, one probe was placed in the lumbar region (high) and one in the vicinity of the thoracolumbar junction (low) to the depth of the muscle (~50 mm from surface and 100 mm from centre of vertabrae).
Muscle pH was measured using a TPS WP-80 m (http://www. tps.com.au, accessed 4 February 2014) attached to a glass probe electrode (Mettler Toledo LoT406-M6-DXK-S7/25, http://www. mt.com, accessed 4 February 2014) and calibrated with standard buffers. For Experiment 3, the pH of the M. semimembranosus was monitored on Days 1 and 2.
Heat pipes
The heat pipes were manufactured by Realcold Milmech (Coopers Plains, Qld, Australia). The heat pipes were 17 mm in diameter and 500 mm in length. They were made from stainless steel, filled to a level of 100 mm of the length with methanol, contained no wick; had an aluminium radial-finned section at one end and a pointed tip at the other end. The pointed tip end was inserted in the meat and the radial-finned section exposed to air.
Statistical analyses
GENSTAT version 10 (VSN International, Hemel Hempstead, UK) was used for all statistical analyses. In Experiment 1, the effect of time, depth of temperature probe and the interaction between time and depth were tested using a repeated-measures residual maximum likelihood (REML) procedure. The relationship between temperature probe depth and the time taken for the temperature to reach 35 C was tested using regression analyses. Data from Experiment 2 was from one carcass only so was of a descriptive nature, with no carcass variation to enable testing with statistical analyses.
For Experiment 3, a REML procedure was used to determine the effects of location, time and treatment on temperature. For the effect of logger location on temperature, the model was time, location and the interaction between time and location. For the effect of treatment on temperature, the fixed effects terms in the model were day, treatment, location and time. For this analysis, data from the rump was excluded due to missing data on Day 4. Carcass was used as a random term in both models. A paired t-test was used to compare pH values at the end of the chilling period.
Results
Experiment 1
Time and depth had significant effects on temperature (P < 0.01) and there was a significant interaction between time and depth (P < 0.01). At all time points the temperature for the probe at a depth of 25 mm was significantly lower than for the probe at 50 mm, which was significantly lower than for the probe at 100 mm (Fig. 3) . The time taken for the temperature to reach 35 C was 10, 90 and 300 min for depths of 25, 50 and 100 mm, respectively.
Experiment 2
There were differences in temperature between the control and heat pipe sides that depended on the time that the carcass had been in the chiller, as well as the distance from the heat tube. Except for the first time point, the temperature depended on the distance of the thermocouple from the heat pipe ( Fig. 4) . At any particular time point after the first, temperatures increased as the distance from the pipe increased from 20 to 40 and to 80 mm accordingly. The rate of change in the temperature difference compared with the control reduced after 60 min (Fig. 5 )
Experiment 3
The temperature was lower (P < 0.01) in the loin compared with the leg and rump at all time points. The mean temperature of the loin was below 35 C when temperature monitoring commenced ( Fig. 6 ) and there was no difference in temperature between the two loin locations (low and high) at any time point. The temperature became lower in the rump compared with the leg 30 min after monitoring commenced at 1 h post slaughter. The time taken for the temperature to reach 35 C was 83 and 120 min after the commencement of monitoring for the rump and leg, respectively. There was an effect of heat pipe treatment (P < 0.05) on temperature for the leg but not for the loin. Three hours after the start of monitoring, the difference in temperature between the two sides (no pipes versus pipes) was 1.13 and 4.03 C for the loin and leg, respectively (Fig. 7) . In the leg the pipes decreased the time taken to reach 35 C by~74 min from 150 to 76 min.
pH
The pH of the M. semimembranosus at the end of the temperature monitoring period for control and heat pipe sides was 5.82 AE 0.07 and 5.89 AE 0.07, respectively (values are means AE s.e.m.), and these values were not significantly (P > 0.05) different.
Discussion
The data from all three experiments support the proposition that beef carcasses are heterogeneous for rate of heat loss due to differences in dimensions and relative distributions of fat and lean. Fat has a lower thermal conductivity than lean muscle (Willix et al. 1998 ). The leg was much more susceptible than the loin to high rigor temperature. The temperatures measured in the leg of the 'heavier' carcasses remained in the range where high rigor temperature was a risk, for~5 h after commencement of refrigeration. This would likely be associated with high rigor temperature conditions, although pH was not measured to confirm this. The low heat conductivity of meat is therefore a key component of high rigor temperature and strategies that focus on circumventing this issue are worthy of consideration for preventing high rigor temperature. The rate of temperature change within a carcass clearly depends on the muscle and the depth at which measurements are taken, with the hind leg generally being accepted as the location to cool at the slowest rate (Pham et al. 2009 ). Taking measurements from the loin will likely underestimate the occurrence of high rigor temperature in the leg unless a relationship between the temperatures of the two muscles could be well defined. Such a relationship could be complex and depend on other factors such as carcass weight and fatness. Warner et al. (2014a) reported an incidence for high rigor temperature in the loin of beef carcasses in Australia to be 75% but this is likely to be much higher in leg muscles. Our results differ slightly from those of Stolowski et al. (2006) who observed that temperature change was slower for M. gluteus medius (rump muscle) than M. semimembranosus. Although we measured temperature in the leg seam and not the muscle directly, the temperature in the seam adjacent to the M. semimembranosus stayed above 35 C for 37 min longer than in the rump. These carcasses were derived from low value cull cows with a relatively low hot carcass weight (~235 kg) and most likely had smaller rumps with less intramuscular fat compared with those in the Stolowski et al. (2006) study, where the range in carcass weight was 302-333 kg.
Of the carcass locations tested, the loin was the least likely to have temperatures sufficiently high to induce high rigor temperature. Even in Experiment 1, the mean temperature when pH reached 6 was estimated to be~34.5 C; just below the benchmark value of 35 C for high rigor temperature (Warner et al. 2014b ). The carcass weights in Experiment 1 were in the range expected for grain-fed 'Jap Ox' cattle of 350-420 kg (Andrews and Littler 2008) . Gruber Tatum Scanga Chapman Smith and Belk (2006) found that the change in shear force after aging depended on the muscle and the carcass grade but could be of a similar magnitude for both M. semimembranosus and M. longissimus dorsi. Preventing high rigor temperature conditions may therefore improve the tenderness of the leg muscles when aged, although proof of this would require further investigation.
The time that temperature stayed above 35 C, when measured at a depth of 100 mm in the leg seam, varied from 120 min in Experiment 3 to 300 min in Experiment 1. The mean hot carcass weight for Experiment 1 was 432 AE 7 kg compared with 234.8 AE 10.68 kg for Experiment 3 so this finding is consistent with the rate of temperature change being slower in larger carcasses.
Neither the application of heat pipes nor the position of the temperature probe changed the rate of cooling in the loin. One practical difficulty was to maintain a constant orientation for the pipe between the different locations in the carcass. The angles of the pipes in the loin were closer to the horizontal than those in the leg because it was more difficult to insert the pipes into this muscle without causing damage. This may have influenced the effectiveness of the pipes as they had no wick. However, this result was consistent with the findings of Stolowski et al. (2006) who found that loin cooled the fastest of seven muscles tested due to its shape and location. Additional cooling techniques are therefore likely to be required for the leg more so than for the loin, to avoid high rigor temperatures with conventional cooling systems. Strategies to avoid high rigor temperature in the loin may simply need to focus on the rate of heat loss from the surface rather than from deep within the muscle. Hot fat trimming and spray cooling are such techniques although studies to date indicate advantages for efficiency and yield but relatively little effect on rate of cooling for these methods (Hippe et al. 1991; Ahmed et al. 1992 suggest that heat pipes may be beneficial for removing heat from beef legs and therefore minimise the effects of high rigor temperature in these muscles. Further investigation into the effects on eating quality attributes, such as water-holding capacity, colour stability and tenderness after aging, would be required to determine if they might also represent a commercial solution for high rigor temperature. Other factors such as the cost of pipes, maintenance, cleaning and labour to insert as well as the potential to cause physical damage and microbial contamination would need investigation also. We acknowledge that collection of wind speed data was lacking in our design and that this should be included in any further validation experiments of heat pipes. However, the relationship demonstrated between radial distance from the heat pipe and temperature provides some indication of the distance between pipes required to increase the rate of cooling of muscles. The maximum thickness of 80 mm proposed for very fast chilling (Van Moeseke et al. 2001) probably also applies to heat pipes given the data in Fig. 4 . Heat pipes effectively prevented the period of temperature inertia at the commencement of chilling and halved the time taken for the temperature to fall below 35 C in the leg seam ( Fig. 7) . Combination with other techniques such as partial hot fabrication techniques (Meade et al. 1992) and 'stifling', as recommended for preventing bone taint (Food Science Australia 1994), may also be worthy of investigation.
Conclusions
Temperature, as part of a quality assessment procedure, should be measured in the hind leg as well as the loin, and temperature probes should be placed at a depth of at least 100 mm to detect high rigor temperature conditions in beef carcasses. Expediting heat conduction in beef muscle is a key aspect of reducing high rigor temperature. Heat pipes can increase the rate of heat loss from deep within the hind leg muscles of beef carcasses during refrigeration. Radial distances between heat pipes are important and the heat pipe should penetrate the meat to a depth greater than 100 mm. Heat pipes likely have limited value for loin muscle as the temperature may fall at a sufficient rate to avoid high rigor temperature without them.
